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L ow cardiac output state (LCOS) is the most important cause of morbidity and mortality after infant cardiac surgery. 1 LCOS is caused by contractile failure coupled with compensatory increases in circulatory afterload. 2 Clinically, LCOS is apparent as reduced perfusion pressure, increased heart rate, reduced oxygen delivery, and increased inotropy. 1 With time, LCOS resolves, but its legacy is apparent as renal and sometimes neurologic impairment. Overall outcomes after infant cardiac surgery are excellent, but patients with high-risk lesions, such as hypoplastic left heart syndrome, and those undergoing major reconstructions still experience mortality and important morbidity as a result of LCOS. 3 Improvements in supportive practices
Abbreviations and Acronyms AQP 5 aquaporin AXC 5 aortic crossclamping COP 5 colloid osmotic pressure CPB 5 cardiopulmonary bypass I/R 5 ischemia and reperfusion LCOS 5 low cardiac output state TUNEL 5 TdT-mediated dUTP nick-end labeling have reduced LCOS, 1 but minimal progress has been made in understanding the underlying causes, and standard pediatric myocardial protection strategies have remained static for 15 years.
LCOS occurs early, during the first 6 to 12 hours postoperatively, and is temporally associated with increased total body water content and generalized tissue edema. 4, 5 Capillary leak syndrome and myocardial edema have a similar time course after pediatric cardiac surgery and appear integral to LCOS, with many clinicians asserting a causal relationship. 4, 6 Studies of cardiac ultrastructure have demonstrated myocellular and mitochondrial edema after ischemia and reperfusion (I/ R). 7 Increased myocardial water content has been associated with myocardial dysfunction, both systolic 8 and diastolic. 9 Small increases in myocardial water (increase of 3%) have been shown by Laine and Allen, 10 in an animal model, to significantly affect myocardial function (decrease of 30%).
Myocardial edema can develop through a combination of vasogenic and cytotoxic pathways. Typically, interstitial or vasogenic edema is described 11, 12 and associated with increased capillary leak. Intracellular or cytotoxic edema also occurs 13, 14 as a result of the osmotic effect of lactate accumulated by the myocyte during anaerobic metabolism. Existing antiinflammatory therapies, such as corticosteroids and aprotinin, that seek to target the systemic inflammatory response syndrome do not prevent the extravasation of water, 6,12,15 leading us to investigate other possible avenues of intervention, such as the role of water channels or aquaporins (AQPs). 15 AQPs are a family of 13 proteins that form transmembrane channels permitting rapid movement of water along osmotic gradients. We and others have demonstrated that AQP1 is the main myocardial AQP that exists within the endothelium and cardiomyocyte plasma membranes. 14, 16, 17 In human hearts other AQPs have been demonstrated only at a transcript level.
14 AQPs in the brain have been shown to be important in animal models after ischemic stroke and water intoxication; for example, AQP4 knockout mice have significantly less cerebral edema and improved function compared with that seen in wild-type mice after these insults. 18 Given some of the pathophysiologic similarities, it is conceivable that AQPs within the heart could also be involved in the development or resolution of myocardial edema and LCOS.
A role for AQPs in myocardial water handling has been shown in osmotically challenged isolated cardiomyocytes, 19 and myocardial AQPs have been increasingly studied in relevant models, 17, 20, 21 including our work with isolated cardiomyocytes and isolated heart preparations in response to I/R and hypo-osmotic stress. 17 These studies demonstrated a physiologic role but no apparent change in AQP expression during the short time frame possible with these in vitro experiments. 17 Furthermore, the role of cardiopulmonary bypass (CPB) in water handling is difficult to reproduce in vitro. Consequently, we have produced a clinically accurate model of infant LOCS to assess changes in myocardial AQP expression in this setting.
Induction of apoptotic pathways has been suggested as a mechanism of cell loss contributing to LCOS and later ventricular dysfunction in the pediatric setting. 22 Using the same model, we sought to evaluate the extent to which apoptosis was evident in control hearts, as well those undergoing CPB with or without aortic crossclamping (AXC).
Materials and Methods
The Animal Ethics Committee at The Children's Hospital at Westmead approved this study, and all animals received humane care in compliance with National Health and Medical Research Council animal care guidelines.
Study Design
Sixteen lambs of either sex weighing 7.4 6 0.4 kg were used.
Non-CPB control animals. There were 7 control animals that underwent cardiectomy without receiving CPB (non-CPB control animals). Lambs were prepared and monitored as for the CPB groups and maintained under anesthesia for 1 hour before cardiectomy. Cardiac standstill was achieved after a terminal dose of cardioplegia in 4 of the 7 control animals. Blood was obtained from the ewe for the purpose of making blood cardioplegia. The other 3 non-CPB control animals were killed with pentobarbitone, also during anesthesia with the sternum open, allowing rapid cardiectomy and specimen preservation. These 2 approaches were used to account for the effect of cardioplegia on myocardial water content because it is recognized that cardioplegia administration itself increases myocardial water content. 9 CPB groups. Of the 9 lambs undergoing CPB, 3 underwent 90 minutes of bypass without AXC (CPB-AXC) and were maintained for 3 hours after separation from bypass. The remaining 6 had AXC and were maintained for either 3 (n 5 3) or 6 (n 5 3) hours after separation from bypass. Lambs were chosen because of physiologic similarities to infant humans and because DNA sequences for AQPs are published for the sheep, unlike the pig.
Experimental preparation. Neonatal lambs were anesthetized by means of spontaneously breathing isoflurane and given intravenous ketamine (1 mg/kg) and midazolam (100 mg/kg). The lamb was intubated with a 5.5 mm cuffed endotracheal tube. Ventilation was maintained with a Campbell ventilator (ULCO, Marrickville, New South Wales, Australia), aiming for physiologically normal oxygen saturations (100%) and PaCO 2 values (40-45 mm Hg); typical ventilation parameters were 20 to 25 cm H 2 O on 5 cm H 2 O in 100% oxygen. General anesthesia was maintained with inhaled isoflurane (0.1%-1%) continuously through the circuit, and intermittent ketamine, midazolam, and pancuronium were also administered as required. Intravenous flucloxacillin (25 mg/kg) was given every 6 hours. A 3-lumen, 4.5F, 13-cm central line (Arrow, Reading, Pa) was placed percutaneously into the right internal jugular vein. A single lumen (20-cm, 3F catheter; Cook, Bloomington, Ind) was inserted percutaneously into the right femoral artery. Cutaneous 3-lead electrocardiography, rectal temperature, central venous pressure, and intra-arterial pressure were monitored continuously. Venous and arterial blood gases were taken regularly.
CPB technique. Midline sternotomy was performed, and the pericardium was opened. CPB was established after heparin administration (400 IU/kg) with right atrial and ascending aortic cannulation. The extracorporeal circuit was established with a heart-lung machine (Cobe, Arvada, Colo). A standard $ min 21 and mean systemic pressures between 30 to 40 mm Hg. If necessary, the isoflurane dose was also varied to maintain the desired blood pressure range. The lambs' core temperatures were slowly decreased to 28 C to 30 C with a heater-cooler unit (Conair-Churchill, Pittsburgh, Pa).
In the CPB1AXC group, after establishment of CPB, the aorta was crossclamped and blood cardioplegia at 4 C was administered at 20 mL/kg into the proximal ascending aorta. The cardioplegia comprised a 4:1 blood/crystalloid mix. This was delivered every 20 minutes into the aortic root for 90 minutes, at which point bypass was weaned and the native circulation was re-established. The average composition of the initial CPB machine prime, which did not significantly differ between treatment groups, was as follows: pH, 7.6; PCO 2 , 24 mm Hg; PO 2 , 202 mm Hg; hematocrit, 21%; K, 4.4 mmol/L; Ca, 0.4 mmol/L; and bicarbonate, 21 mmol/L. Modified ultrafiltration was performed on all lambs undergoing CPB, and internal defibrillation (0.5-1.0 J/kg), lignocaine (1 mg/kg), or both were administered as required. Routine surgical techniques in maintenance and weaning from CPB were used, including venting of the left atrial appendage in all cases.
Postoperative management. After the re-establishment of the native circulation, protamine (1-3 mg/kg) was administered, and hemostasis was achieved. The sternotomy was closed over two 28F intrathoracic drains, which were placed on low-pressure wall suction. Dopamine (approximately 5 mg $ kg ) were commenced after CPB and adjusted as required to maintain an adequate blood pressure (mean blood pressure, .50 mm Hg), crystalloid or maternal blood was administered to maintain an adequate preload (central venous pressure, .4 mm Hg), and hemoglobin (.8 g/dL) and inhalational anesthesia were continued together with intermittent intravenous agents (ketamine and midazolam) and pancuronium. Ventilation was maintained and adjusted according to blood gas parameters. All animals were managed by a pediatric intensive care consultant (JRE) using conventional techniques relevant to the care of human infants.
Tissue collection. After either 3 (n 5 6) or 6 (n 5 3) hours of reperfusion after bypass, the sternotomy was reopened, the aorta was crossclamped, and a further dose of approximately 4 C cardioplegia was delivered. After electrical and cardiac standstill for approximately 60 seconds, the heart was removed and placed on ice while dissected for further analysis. The heart was transversely sectioned into the atria, great vessels, and ventricles. The ventricles were sectioned for wet/dry weights and, together with other organ tissues, were either frozen at 280 C or placed in 4% paraformaldehyde for sectioning.
Tissue Analysis
Myocardial water content. Samples of intraventricular septum and left and right free walls were weighed after blotting. They were then dried at approximately 80 C for 48 hours or until their weights were static. Myocardial water content was then calculated as {½WeightðwetÞ2WeightðdryÞ =WeightðwetÞ} and expressed as a proportion.
Myocardial AQPs. Myocardial AQP1 mRNA and protein levels were quantified in ventricular myocardium by using techniques we have previously reported 17 and elaborated on in Appendix E1. Apoptosis. Assessment of apoptotic cell death was performed by using the TdT-mediated dUTP nick-end labeling (TUNEL) assay with the In Situ Cell Death Detection Kit (Roche, Basal, Switzerland). Positively labeled cells versus total cells were counted to quantify cell death. The entire slide was scanned at high-power magnification by an observer blinded to animal allocation (TLB). Hematoxylin and eosin-stained slides were also reviewed in a blinded fashion to review tissue integrity and exclude necrosis. Western blots for active caspase 3 were prepared by using cytoplasmic fractions.
Statistical Analysis
Data are expressed as means 6 standard error of the mean. Statistical significance was determined by using both the Mann-Whitney U test and linear mixed models with covariance type AR-1. The statistical package SPSSv15.0 for Windows (SPSS, Inc, Chicago, Ill) was used for analysis. The animals receiving CPB6AXC were compared in terms of hemodynamic variables, both functional and biochemical. Hemodynamic variables were analyzed over the complete survival period and also by means of comparison of 30-minute epochs. Our sample size gave us 80% power to demonstrate that a 2.3-standard-deviation effect size difference between groups was significant at a P value of less than .05. For measures of myocardial water content, AQP1 expression, and apoptosis, comparison was made between non-CPB control animals and animals receiving CPB6AXC.
Results
All experiments were completed as intended, and there were no significant differences in pre-CPB hemodynamic values. There were no inotropes or vasodilators administered before CPB, and baseline biochemical indices, which were not significantly different, are shown in Table E1 . The animals received similar weight-based doses of sedatives, analgesics, anesthetics, and muscle relaxants.
Hemodynamics
The hemodynamic picture of LCOS was seen in those animals that underwent CPB1AXC (Figure 1) . The lambs undergoing CPB1AXC were more hypotensive after CPB. Mean blood pressure was significantly less, as determined by mixed model analysis (P , .01 after CPB). Diastolic blood pressure was also significantly less, as determined by using mixed-model analysis (P , .05 after CPB). The differences remained at the end of the survival period. Systolic blood pressure was lower in the CPB1AXC group, and this was significant by means of the Mann-Whitney U test for the early and mid epochs after CPB. Heart rate was higher in the CPB1AXC group, also by means of the Mann-Whitney U test, in all but the last post-CPB epoch. Central venous pressure, fluid requirements, and doses of vasoactive medications did not differ significantly between the groups.
Biochemistry
The CPB1AXC group had a higher lactate value (6.5 vs 3.6 mmol/L, P , .05) after CPB. However, by 3 hours after CPB, the differences were not significant (3.1 mmol/L in the CPB1AXC group and 2.1 mmol/L in the CPB-AXC group). The CPB1AXC group had a persistently lower venous saturation after CPB. The initial post-CPB venous saturation was 61% in the CPB1AXC group compared with 76.7% (P , .05) in the CPB-AXC group. The venous saturations at 3 hours after CPB were 70% and 83.8% (P , .05), respectively ( Figure 1) . The glucose and hemoglobin levels remained similar in the 2 CPB groups. The colloid osmotic pressure (COP) was not significantly different between the 2 CPB groups at any time after CPB. COP showed the expected increase after modified ultrafiltration. In the CPB-AXC group it increased from 12.3 mOsm to 14.5 mOsm, and in the CPB1AXC group it increased from 13.5 mOsm to 15.7 mOsm. After a further 3 hours, the COPs were 13 mOsm and 13.6 mOsm, respectively.
Myocardial Water Content
Myocardial water content was increased (not significantly) in the tissue from control lambs that were killed after terminal cardioplegia (0.785) as opposed to that seen in the control lambs that received pentobarbitone (0.781). Myocardial water content in the CPB-AXC group was 0.787, whereas in the CPB1AXC group it was 0.796, which was significantly greater than that seen in cardioplegia control tissue (P , .05). In summary, there was a 1% increase in myocardial water content associated with CPB1AXC, with only a 0.2% increase in myocardial water content in the CPB-AXC group (Figure 2 ).
Molecular Results
Myocardial AQP1 mRNA levels, as determined by means of quantitative real-time polymerase chain reaction, were increased 2-fold in the CPB1AXC group compared with those seen in control tissue (P , .05). AQP1 mRNA levels in the CPB1AXC group were also significantly higher when compared with those in the CPB-AXC group (P , .05, Figure 3 ). There was no associated increase in AQP1 levels on Western blot analysis in either of the CPB groups (Figure 4 ). AQP4 transcript was not altered compared with that seen in control animals in either CPB group, and low protein levels were also unchanged by experimental group (data not shown). AQP0, AQP3, and AQP9 transcript was detectable at low levels. No appreciable changes were seen in these levels with quantitative real-time polymerase chain reaction (data not shown). Protein for these 3 AQPs was not demonstrable by means of Western blotting, despite appropriate antibodies and control tissue (data not shown).
Apoptosis
Completed apoptosis was not demonstrable by means of TU-NEL staining in any of the preparations to a significant degree. Hematoxylin and eosin-stained slides also did not demonstrate necrosis, although tissue edema was more apparent in the CPB1AXC group. Levels of caspase 3 protein, an early marker of apoptotic pathway induction, 23 were significantly increased in the CPB1AXC group. The control and CPB-AXC groups had comparable levels of caspase 3 ( Figure 5 ).
Discussion
Clinical and laboratory features of LCOS were reproduced in a clinically accurate model in lambs that underwent CPB with myocardial I/R. These animals also had significant gains in myocardial water content and an increase in AQP1 transcript levels that has not been previously described. These data provide novel insights into the pathophysiology of capillary leak syndrome and myocardial edema in the setting of postoperative LCOS.
Hemodynamic changes consistent with LCOS were seen immediately after CPB. In the CPB1AXC animals there was significant tachycardia and systolic dysfunction. Impaired tissue oxygen delivery and lower diastolic pressure also occurred in those animals after CPB1AXC. CPB alone did not result in significant hemodynamic or biochemical derangements; it was I/R that was primarily associated with hemodynamic dysfunction and impaired tissue oxygen delivery. The primacy of I/R in precipitating LCOS has been alluded to previously; however, in some well-controlled animal experiments, this has not been demonstrated. 24, 25 In our series CPB alone was well tolerated, and it was only when coupled with I/R that significant perturbations in circulatory function resulted. Consequently, measures to minimize the duration and effect of I/R should be the focus of ongoing research into LCOS.
The greatest degree of myocardial edema was seen in those animals after CPB with I/R. CPB without I/R was not associated with development of significant myocardial edema. These data prompt a re-evaluation of the dogma surrounding capillary leak and its contribution to the development of myocardial edema after CPB. Ischemia is a potential confounder in several of the sentinel articles involved in asserting the link between edema and dysfunction, 11, 26 and there have been no previous attempts to experimentally differentiate the contribution of ischemia to edema-associated dysfunction. Edema does occur with CPB alone, and in our study it was A shows similar heart rates between groups, but after CPB, the CPB1AXC group have a significantly higher heart rate until the last 30-minute epoch of postoperative analysis (Mann-Whitney U test). B displays systolic blood pressure, which is significantly lower in the CPB1AXC group in the mid epochs after CPB (Mann-Whitney U test). C and D show mean blood pressure and diastolic blood pressure, respectively, being significantly lower in the CPB1AXC group throughout the postoperative period (mixed-model analysis). E demonstrates a higher lactate level in the CPB1AXC group just before the completion of CPB (Mann-Whitney U test). In F there is a corresponding decrease in venous saturation in this group, which remains throughout the postoperative period (Mann-Whitney U test). HR, Heart rate; MBP, mean blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure. *P < .05. Data shown are presented as means 6 standard error of the mean.
in the order of 0.2%; this should not be and was not associated with significant myocardial dysfunction. It is likely that edema in this group was mainly interstitial or vasogenic in nature, resolved quickly, and was not associated with important dysfunction. Others have shown that such edema might have resolved within 6 hours. 11 Hence it might have been possible to demonstrate more myocardial edema after CPB alone if we had looked earlier in the postoperative period, but such a timeframe would not correlate with LCOS and dysfunction seen 6 to 12 hours postoperatively. In our study ischemia was associated with a greater degree of edema formation and was associated with important dysfunction, as has been described by others. 27 The 1% increase in myocardial water content that we observed after I/R could be expected to result in possibly a 10% reduction in myocardial function based on the work of Laine and Allen. 10 We did not measure cardiac output or load-independent measures of myocardial function, but the average difference in mean blood pressure after CPB was 17 mm Hg (22%) when comparing those with or without I/R in our study. This suggests that other factors, and not edema alone, are responsible. It is likely that I/R results in a greater degree of interstitial or vasogenic edema that persists, as well as cytotoxic or intracellular edema caused by accumulation of lactate. Cytotoxic edema has been shown to be short lasting 28 but might reflect important effects on the contractile apparatus that persist for the duration of the LCOS, such as partial troponin I degradation. 7 The increase in myocardial water content occurred without a significant reduction in COP. This is in keeping with other reports modeling the capillary leak syndrome after CPB. 12, 15 Hence there was movement of free water down osmotic gradients across the endothelium into the myocardial tissue. Water will move through AQPs, which exist abundantly within the endothelium and sarcolemma, to leak into the intracellular space of the myocardium if the osmotic Figure 2 . Myocardial water. Proportion of heart as water in noncardiopulmonary bypass (CPB) control animals (black column), lambs undergoing CPB without aortic crossclamping (AXC; gray column), and lambs undergoing CPB with AXC (white column). Significant myocardial edema was present in lambs undergoing CPB1AXC lambs, and a nonsignificant increase in myocardial water occurred in those undergoing CPB-AXC (Mann-Whitney U test). *P < .05. Data shown are presented as means 6 standard error of the mean. protein was obtained from the myocardium of non-cardiopulmonary bypass (CPB) control animals (black column), lambs undergoing CPB without aortic crossclamping (AXC; gray column), and lambs undergoing CPB1AXC (white column). It was measured by Western blotting, analyzed by means of densitometry, and normalized to the expression of cardiac actin. Representative results demonstrate no significant differences between groups (MannWhitney U test). *P < .05. Data shown are presented as means 6 standard error of the mean. gradient mandates this, as can occur early during reperfusion as a result of intracellular lactate accumulation.
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AQP1 transcript was increased after CPB with ischemia within the myocardium. This increase was specific to those animals that had I/R and not CPB alone. This was a 2-fold increase in transcript but without an associated protein increase. AQP1 has been studied in a neonatal lamb heart previously in a deep hypothermic circulatory arrest model; no change in AQP1 expression was found in this study. 21 Potentially, AQP1 expression might have been modified by inducing deep hypothermia, as has been described in other settings. 29 Such modifications can affect edema formation and function, as reported elsewhere 30 ; however, the effect of deep hypothermic circulatory arrest versus continuous flow on AQP expression was not the focus of our study.
The finding that AQP1 transcript increased in the lambs after CPB1AXC differs from our earlier results with a rat isolated heart model. In the rat a brief period of global ischemia with reperfusion was not associated with changes in AQP1 transcript or protein levels. 17 Species differences, duration of ischemia, and postischemic observation, as well as use of CPB, might explain these differences. On the basis of our earlier work, we do not believe that species differences adequately explain this difference because the AQP expression profile of the sheep is similar to those of the rat and human subject. Duration of ischemia can be important because upregulation of AQP1 has been shown in interventions lasting days rather than minutes to hours. In a fetal sheep model anemia induced myocardial AQP1 increase over 5 days, suggesting that longer timeframes permitted adjustments in myocardial AQP1 protein levels. 20 Because experiments of longer duration have permitted changes in AQP transcript to be uncovered, it is likely that 9-to 12-hour experiments would be required to determine protein changes. We cannot determine the significance of the demonstrated 2-fold increase in AQP1 transcript, and this finding warrants further study.
The suggestion by Calderone and associates 22 that induction of apoptotic pathways can cause postischemic dysfunction, as well as later cell loss, is an intriguing hypothesis. We sought to corroborate these findings but did not demonstrate completed apoptosis as an important factor in LCOS over the early time period. We did, however, demonstrate increased expression of caspase 3 in the CPB1AXC group, which is Figure 5 . Myocardial apoptosis. Representative results of non-cardiopulmonary bypass (CPB) control animals (black column), lambs undergoing CPB without aortic crossclamping (AXC; gray column), and lambs undergoing CPB1AXC (white column). A, Hematoxylin and eosin micrographs of ventricular myocardium taken at 3100 magnification. The CPB1AXC images are suggestive of more tissue edema, and there was no apparent necrosis. Micrographs of TdT-mediated dUTP nick-end labeling (TUNEL)-stained ventricular myocardium are shown at 3100 magnification. Appropriate positive and negative controls were performed (data not shown). No significant differences were seen in TUNEL staining. B, Graph of the results of active caspase 3 densitometry for the 3 groups from Western blot analysis, loading controlled with cardiac actin. The animals undergoing CPB1AXC demonstrated a significant increase active caspase 3 protein, which is suggestive of active early apoptotic pathways (Mann-Whitney U test). *P < .05. Data shown are presented as means 6 standard error of the mean.
suggestive of early apoptotic activation. 23 Mitochondrial function was not measured in our study. The negative predictive value of TUNEL is greater than its positive predictive value, especially because it can be positive during tissue regeneration and recovery. 23 We support the possibility that apoptosis can be a contributing factor to LCOS, and this might be particularly important in young infants having multiple operations with repetitive cell loss over time. Because ischemia is the likely proapoptotic trigger, the findings reinforce the importance of better management of the myocardium during ischemia.
This study was limited by its small size and the fact that it was conducted in animals. The animals also did not have structural heart disease and hence no preoperative volume or pressure loading. Measurements of vascular/ventricular coupling, as well as load-independent measurements of systolic and diastolic function, will be required in future experiments. The hemodynamic and functional monitoring used to support our findings is somewhat rudimentary but equivalent to techniques relied on in the clinical setting.
I/R was associated with a significant degree of myocardial edema, clinically relevant dysfunction, and increased expression of AQP1. Edema formation is mostly related to ischemia and not bypass: our findings do not support a causal role for myocardial edema in the development of LCOS. Some benefit can be gained by manipulation of water flux, possibly by targeting AQP expression; however, the main focus in LCOS research should be the prevention of postischemic dysfunction rather than the systemic inflammatory response to bypass and generalized water accumulation. Analysis of AQP1 knockout mice with isolated cardiomyocytes and isolated hearts will further our understanding of the role of AQPs in myocardial water handling.
